The postsynaptic density (PSD) is crucially involved in the structural and functional organization of the postsynaptic neurotransmitter reception apparatus. Using antisera against rat brain synaptic junctional protein preparations, we isolated cDNAs coding for proline-rich synapse-associated protein-1 (ProSAP1), a PDZ-domain protein. This protein was found to be identical to the recently described cortactin-binding protein-1 (CortBP1). Homology screening identified a related protein, ProSAP2. Specific antisera raised against a C-terminal fusion construct and a central part of ProSAP1 detect a cluster of immunoreactive bands of 180 kDa in the particulate fraction of rat brain homogenates that copurify with the PSD fraction. Transcripts and immunoreactivity are widely distributed in the brain and are upregulated during the period of synapse formation in the brain. In addition, two short N-terminal insertions are detected; they are differentially regulated during brain development. Confocal microscopy of hippocampal neurons showed that ProSAP1 is predominantly localized in synapses, and immunoelectron microscopy in situ revealed a strong association with PSDs of hippocampal excitatory synapses. The accumulation of ProSAP1 at synaptic structures was analyzed in the developing cerebral cortex. During early postnatal development, strong immunoreactivity is detectable in neurites and somata, whereas from postnatal day 10 (P10) onward a punctate staining is observed. At the ultrastructural level, the immunoreactivity accumulates at developing PSDs starting from P8. Both interaction with the actin-binding protein cortactin and early appearance at postsynaptic sites suggest that ProSAP1/ CortBP1 may be involved in the assembly of the PSD during neuronal differentiation.
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The postsynaptic density (PSD) is a specialized structure beneath the postsynaptic membrane that is crucially involved in the organization of the neurotransmitter receptive apparatus and the adhesion of the postsynapse to presynaptic terminals (Ziff, 1997) . It constitutes a structural matrix that anchors and clusters neurotransmitter receptors, synaptic cell adhesion molecules, and components of intracellular signaling pathways exactly opposite to the neurotransmitter release site and thus must be considered as a general organizer of the postsynaptic signal transduction machinery (Ziff, 1997; Kennedy, 1998; O'Brien et al., 1998) . It has been suggested that important mechanisms of synaptic plasticity, including activity-dependent changes in postsynaptic signal transduction, may have a structural basis in the PSD (Siekevitz, 1985; Lismann and Goldring, 1988) . Consequently, major efforts have been undertaken to identify the protein components of this structure (Walsh and Kuruc, 1992; Langnaese et al., 1996; Kennedy, 1998) .
Cytoskeletal elements including actin (Fifkova and Morales, 1992) , fodrin (Carlin et al., 1983) , or ␣-actinin-2 (Wyszynski et al., 1997) are abundant components of PSDs. This suggests that the actin-based cytoskeleton constitutes the basic filamentous meshwork of the postsynaptic cytomatrix and plays an important role in the organization of PSDs (Adam and Matus, 1996) .
A number of PDZ-domain proteins have been identified as central elements for clustering synaptic membrane proteins at the postsynapse and anchoring them to the cytoskeleton. For example, membrane-associated guanylate kinases SAP90/PSD-95, Chapsyn/PSD-93, SAP97, SAP102, and Drosophila DlgA bind and cluster ion channels, including NMDA, kainate receptors, and K ϩ channels, and cell adhesion molecules, including neuroligin and fasciclin II, as well as ephrins and their receptors at synaptic sites (Kim et al., 1995 (Kim et al., , 1996 Kornau et al., 1995; Lau et al., 1996; Müller et al., 1996; Irie et al., 1997; Tejedor et al., 1997; Thomas et al., 1997; Z ito et al., 1997; Garcia et al., 1998; Torres et al., 1998) . In addition, PDZ domains of these proteins recruit intracellular signaling proteins, like neuronal nitric oxidesynthase or SynGAP, to the postsynaptic membrane (Brenman et al., 1996a,b; Chen et al., 1998; K im et al., 1998) . Several other PDZ-domain proteins, e.g., GRI P (Dong et al., 1997) , ABP (Srivastava et al., 1998) , CCI P (Kurschner et al., 1998) , or S-SCAM (Hirao et al., 1998) , were also reported to be involved in the assembly of postsynaptic structures.
Using antisera against synaptic protein preparations, we cloned a collection of cDNAs by expression screening encoding components of central synapses (K istner et al., 1993; Langnaese et al., 1996) . Here we report on one of these components, the prolinerich synapse-associated protein-1 (ProSAP1). ProSAP1 is a 180 kDa protein that carries a PDZ domain at its N terminus. Biochemical analysis and ultrastructural localization studies showed that ProSAP1 is a component of the PSD. Multiple developmentally and spatially regulated processing variants code for ProSAP1 isoforms, one of which is identical to the cortactin-binding protein-1 (CortBP1) recently identified as a Cortactin SH3 domain interacting protein (Du et al., 1998) . Electron microscopic localization studies on the developing cortex suggest a role for ProSAP1 in early steps of synaptic assembly.
MATERIALS AND METHODS
Cloning of rat ProSA P1 cDNA. The initial cDNA clone sap24e was isolated from a lgt11 expression library with polyclonal antibodies generated against a rat brain synaptic junction preparation as described previously (K istner et al., 1993; Langnaese et al., 1996) . Overlapping cDNA clones were obtained by several rounds of screening of Z APII (Stratagene, La Jolla, CA) rat hippocampal and total brain cDNA libraries with the 32 P-labeled cDNA fragments. Antibody production. Partial cDNAs of the ProSAP1 cDNA [encoding amino acids (aa) 355-509 and aa 826 -1259] were subcloned into the bacterial expression vector pGEX-1T (Pharmacia Biotech, Uppsala, Sweden). A 45 and a 95 kDa glutathione S-transferase (GST)-ProSAP1 f usion protein was expressed in Escherichia coli X L 1 Blue and purified on glutathione-Sepharose 4B as recommended by the manufacturer (Pharmacia Biotech). The f usion proteins were used to generate Pro-SAP1 antibodies in guinea pigs and rabbits.
Immunohistochemistr y. Immunocytochemical staining was performed using 7 m microtome sections from rat brains, which were fixed by immersion in Bouin's fluid for 48 hr, dehydrated, and embedded in paraplast. ProSAP1 was detected with the C -terminal rabbit antiProSAP1 polyclonal antibody diluted 1:600 using the peroxidase -antiperoxidase method (Sternberger et al., 1970) . Antibody binding was visualized by incubating sections first with porcine anti-rabbit IgG (Dako, Hamburg, Germany) for 30 min and with rabbit peroxidase -antiperoxidase complex (Dako) for 30 min. Subsequently, the detection reagent 3,3-diaminobenzidine/ H 2 O 2 (DAB) (Sigma, Munich, Germany) was applied. Some sections were counterstained with hematoxylin for morphological orientation. Controls were performed as follows: (1) preabsorption of the antibody with the antigen and (2) omitting the primary or secondary antibody. No staining was observed under either of these conditions.
Electron microscopy was performed using vibratome sections (50 m) from rat brains fixed by perf usion with Karnowsky's solution, i.e., 2.2% glutaraldehyde, 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.35. Cortical tissue from rat brains at postnatal day 5 (P5), P8, and P10 was fixed by immersion with the same fixative. Floating sections were stained with the Vectastain ABC Staining K it (Vector, Burlingame, CA) according to the manufacturer's instructions. After color reaction with DAB, sections were extensively washed in 0.05 M Tris/ HC l buffer, pH 7.4, (twice) and 0.1 M cacodylate buffer, pH 7.4, (twice) before being fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, for 2 hr (4°C). Subsequently sections were f urther washed in 0.1 M cacodylate buffer, pH 7.4, (twice) and doubly distilled water (ddH 2 O) (four times).
Silver enhancement of the DAB product was performed as follows: solution A, 3% hexamethylenetetramine in ddH 2 O; solution B, 5% silver nitrate (AgNO3) in ddH 2 O; solution C, 2.5% disodium tetraborate in ddH 2 O; solution D, 0.05% tetrachloroauric(III) acid in ddH 2 O; solution E, 2.5% sodium thiosulfate in ddH 2 O. First, sections were incubated for 10 min at 60°C in premade mixed solution, 5 ml (A) ϩ 250 l (B) ϩ 500 l (C), and then washed in distilled water (dH 2 O) (three times for 3 min). Thereafter sections were incubated in solution D at room temperature for 3 min, washed with dH 2 O (three times for 3 min), incubated in solution E for 3 min, and washed again for three times for 3 min in dH 2 O. Subsequently, the sections were post-fixed in 1% OsO 4 , dehydrated in ethanol, and embedded in epon. Parallel semithin sections were stained with toluidine blue for morphological orientation; ultrathin sections were contrasted with uranyl acetate/ lead citrate before analysis with a Philips electron microscope.
For double-or triple-immunofluorescence staining the animals were perf usion-fixed transcardially with 4% paraformaldehyde in 0.1 M PBS, pH 7.4 (Richter et al., 1996) . After post-fixation overnight in the same fixative, brains were cut into 50-m-thick frontal sections on a vibratome and pretreated with a mixture of methanol / PBS (1:1) and subsequently incubated with 5% goat serum in PBS. After f urther washing steps in PBS, free-floating sections were incubated in a mixture of two or three primary antisera containing 0.4% Triton X-100 for 36 hr. The selection of the primary antibodies and the detection systems from different species ensured cross talk-free stainings in the colocalization experiments: ProSA P1/Bassoon: guinea pig anti-ProSAP1 1:500, anti-guinea pig-C Y3 1:100; rabbit anti-Bassoon 1:500 (tom Dieck et al., 1998) , anti-rabbit-C Y5 1:100; ProSA P1/Synaptophysin: rabbit anti-ProSAP1 1:1000, anti-rabbit-C Y3 1:100, mouse monoclonal anti-synaptophysin (Dako) 1:500, anti-mouse C Y5 1:100; ProSA P1/Bassoon/M A P2: guinea pig anti-ProSAP1 1:500, anti-guinea pig-C Y3 1:100; rabbit anti-bassoon 1:500, anti-rabbit FI TC 1:100 (Sigma Aldrich, Deisenhofen, Germany), mouse monoclonal anti-M AP2 (Sigma Aldrich) 1: 500, anti-mouse C Y5 1:100; ProSA P1/Synapsin/M A P2: guinea pig anti-ProSAP1 1:500, anti-guinea pig-C Y3 1:100, rabbit anti-synapsin (Sigma Aldrich), antirabbit FI TC 1:100 (Sigma Aldrich), mouse monoclonal anti-M AP2 (Sigma Aldrich) 1:500, anti-mouse C Y5 1:100. C Y3-and C Y5-labeled secondary antibodies were purchased from Jackson Laboratories (Bar Harbor, M E).
Image acquisition by confocal laser scanning microscopy. The hippocampal regions CA1 and CA3 of immunostained sections were scanned with a confocal laser scanning microscope (Leica TC S 4D, Leica Bensheim) equipped with an Argon-Krypton-Ion laser (488/568/647 nm) and an acousto-optical tunable filter (AOTF) for selection and intensity adaptation of laser lines. The configuration of the system [excitation beam splitter, TD (488/568/647); detector beam splitter, RSP 580; barrier filter, BP 535 (channel 1); detector beam splitter, RSP 660; barrier filter, BP 600 (channel 2); and barrier filter, 0G 665 (channel 3)] allowed a rapid simultaneous detection of the C Y3 fluorescence in channel 2 (indicative for ProSAP1) and C Y5 in channel 3 (indicative for bassoon or synaptophysin) without an appreciable cross talk. Along the z-axis, usually 9 -16 thin optical sections with a z-resolution of 0.5-1 m (focus depth) were scanned in a 512 ϫ 512 or 1024 ϫ 1024 pixel format. Images were taken at various magnifications, usually with a Fluotar 40ϫ oil, NA 1.0 -0.5, Plan Apo 63ϫ oil, NA 1.4, or Plan Apo 100ϫ oil, NA 1.4 objective lens at various zoom factors (1-4) as indicated in the legends. Subsequently, maximum intensity projections (extended focus images) were calculated from each fluorescence channel of the image stack and stored as RGB images together with original image stacks. For f urther image analysis and restoration files were transferred to an Apple Macintosh computer, where image processing (contrast enhancement) was performed with Adobe Photoshop (Version 5.0; Adobe Systems, Mountain View, CA). Color prints of the CL SM images from individual focal planes were printed on a Pictrography 3000 printer (Fuji, Tokyo, Japan).
Hybridization. In situ hybridization was performed essentially as described previously (Kreutz et al., 1997) . Transcripts encoding ProSAP1 were detected with a cDNA antisense oligonucleotide purchased from MWG-Biotech (Ebersberg, Germany) directed against the 3Ј-end of the mRNA: 5Ј-TTC TTA C TG TC T GTA GAG TTG GC T GGT TGG CTG GAG TTC-3Ј (bp 3155-3113).
The (bp 1329 -1281); absence of insert B (at bp 1287), 5Ј-TC T GC T GTC TCG AGG GAG GCC CAG AAA TGG GCC TTT CGG-3Ј (bp 1331-1257 without insert B).
Controls were performed as follows: (1) omission of the antisense oligonucleotide, (2) posthybridizational washing steps above the calculated melting point of the hybrid, (3) hybridization with the corresponding sense oligonucleotide, and (4) hybridization in the presence of 100-fold excess of unlabeled oligonucleotide. In no case was any specific labeling observed.
Isolation of subcellular protein f ractions and Western blot anal ysis. Tissue from adult rats (total brain, heart, liver, kidney, thymus, testis, spleen) was homogenized in 20 mM Tris buffer, pH 7.4, containing either 2 mM CaCl 2 or 1 mM EDTA and protease inhibitor mixture (Boehringer Mannheim, Mannheim, Germany). Soluble proteins were obtained as the supernatant after 100,000 ϫ g centrif ugation. After detergent extraction of the remaining pellet with 1% Triton X-100, the detergent-insoluble pellet was extracted with 1% SDS to obtain a fraction of cytoskeletal proteins.
Tissue fractionation was performed essentially as described by C arlin et al. (1980) with some modifications (tom Dieck et al., 1998) . Brains of 30-d-old rats were homogenized in homogenization buffer (5 mM H EPES, pH 7.4; 320 mM sucrose) containing protease inhibitor mixture (Boehringer Mannheim); cell debris and nuclei were removed by 1000 ϫ g centrif ugation. The supernatant was spun for 20 min at 13,000 ϫ g, resulting in supernatant S2 and pellet P2 (crude membrane fraction). S2 was centrif uged at 100,000 ϫ g for 1 hr, and the resulting supernatant was taken as cytoplasmic fraction (S100). The P2 pellet was f urther fractionated by centrif ugation in a sucrose step gradient as described by C arlin et al. (1980) . For isolation of synaptic junctional proteins (PSD fraction), the synaptosomal fraction of the first gradient was diluted with 320 mM sucrose (60 ml /10 gm wet tissue) and an equal volume of 1% Triton X-100, 320 mM sucrose, and 12 mM Tris-HC l, pH 8.1. The suspension was kept on ice for 15 min and was centrif uged for 30 min at 32,800 ϫ g. The pellet was resuspended in 320 mM sucrose, 1 mM NaHC O 3 (6 ml /10 gm wet tissue), and an equal volume of 1% Triton X-100; 320 mM sucrose was added, and synaptic junctional proteins were pelleted by a 2 hr centrif ugation at 201,800 ϫ g. All steps were performed at 4°C.
To study the association of ProSAP1 with the cytoskeleton during postnatal development, P2 fractions from brains of 1-, 4-, 7-, 10-, 14-, 21-, 30-, and 90-d-old rats were rehomogenized in lysis buffer (0.5 mM NaHC O 3 , 2.5 mM Tris/ HC l, 0.5% Triton X-100, pH 8.1), incubated for 1 hr at 4°C, and subsequently spun for 1 hr at 100,000 ϫ g. Pellets were washed once with lysis buffer (1 hr, 100,000 ϫ g) and finally resuspended in 500 l Laemmli buffer. Proteins (20 g / lane) were separated by SDS-PAGE on 5-20% gels under f ully reducing conditions and transferred onto nitrocellulose. For immunodetection, Western blots were incubated overnight either with the polyclonal ProSAP1 antiserum (dilution 1:3000) or monoclonal antisera generated against SAP90/ PSD95 (clone P43520, dilution 1:250; Transduction Laboratories, Mamhead, UK) or the N R1 subunit of the NMDA receptor (clone 54.1, dilution 1:250, PharMingen, San Diego, CA). Immunoreactivity was visualized using the ECL detection system (Amersham Buchler, Braunschweig, Germany).
E xtraction experiments of P2 pellets were performed with the following agents: (1) 5 mM H EPES, pH 7.4; 320 mM sucrose; (2) 25 mM Tris-HC l, pH 8.0; (3) 0.5 M NaC l; (4) 1 M NaC l; (5) 1 M Tris-HC l; (6) 1% Triton X-100 in 25 mM Tris-HC l; (7) 2.5% CHAPs in 25 mM Tris-HC l; (8) 1% SDS; (9) 0.1% SDS; (10) 8 M urea; (11) 3 M potassium rhodanite (tom Dieck et al., 1998) . P2 pellets were resuspended in homogenization buffer, aliquoted into six samples (200 g protein each), and centrif uged at 15,000 ϫ g for 20 min. Each pellet was then resuspended in 0.5 ml of one of the extraction agents, incubated for 15 min at 4°C with gentle shaking, and centrif uged again for 15 min at 100,000 ϫ g. The resulting pellets were washed in homogenization buffer and dissolved in 80 l gel-loading buffer (Laemmli, 1970) . The supernatants were precipitated with trichloroacetic acid, and the resulting pellets were dissolved in 80 l loading buffer. Proteins were separated by SDS-PAGE on 5-20% gels under f ully reducing conditions and transferred onto nitrocellulose. For immunodetection, Western blots were incubated overnight with primary antiserum (dilution 1:2000), and immunoreactivity was visualized using the ECL detection system (Amersham Buchler). Subsequently Western blots were analyzed for the ability of the different extraction agents to solubilize ProSAP1.
RESULTS
From a collection of cDNA clones isolated by expression screening with antisera against a rat brain synaptic protein preparation (Langnaese et al., 1996) , one cDNA clone, sap24e, encoded a protein fragment of 80 amino acids (Boeckers et al., 1998) . Northern blot analysis revealed that corresponding transcripts are primarily expressed in the brain (data not shown). The sap24e clone was used to isolate a set of 13 overlapping cDNAs ranging in size from 1.3 to 6.9 kb. Eventually, cDNAs covering the N terminus of encoded protein were isolated using a 5Ј-terminal fragment of the 6.9 kb clone. Full-length cDNA (7.8 kb) was constructed taking advantage of a HindIII restriction site at nucleotide 1391 of the assembled sequence (accession no. AJ131899). The cDNA has an open reading frame coding for a proline-rich (12% prolines) protein of 1259 amino acid residues, which we named ProSAP1. Analysis of several cDNA clones revealed the existence of at least three processing variants of ProSAP1 ( Fig. 1 A,B) , one of which is identical with the recently published cortactin-binding protein CortBP1 (Du et al., 1998) .
Sequence analysis predicts several structural domains of Pro-SAP1/CortBP1 (Fig. 1 A,B) . These include an N-terminal PDZ domain (aa 38 -144), a proline-rich SH3 binding motif (ppI motif, aa 954 -960) that has been shown previously to interact with the SH3 domain of the actin-binding protein cortactin (Du et al., 1998) , and a C-terminal SAM domain (aa 1193-1257) consisting of four short helices linked by loops (Ponting, 1995) [for a more detailed analysis of the SAM domain of ProSAP1/CortBP1, see Du et al. (1998) ]. Moreover, prolines frequently occur as clusters of three or more residues (Fig. 1 A,B) .
The N-terminal PDZ domain found in ProSAP1 shows only moderate similarity with previously described PDZ domains (Fig.  1C) . The highest degree of identity was found to synapseassociated PDZ-domain proteins, e.g., PDZ2 of SAP102 (31%), PDZ2 of Chapsyn-110/PSD-93 (29%), PDZ1 of SAP90/PSD-95 (27%), and PDZ2 of SAP97 (27%). The first PDZ domain of the Drosophila disks large tumor suppressor protein (DlgA) is 28% identical. The GLGF motif, a hallmark of most PDZ domains that plays an important functional role in binding the C termini of interaction partners (Kornau et al., 1997 ) is substituted by GFGF in ProSAP1. A search for ProSAP1-related proteins by homology screening with PDZ-domain probes identified cDNAs for a new protein, ProSAP2 (accession no. AJ133120), with a PDZ domain that is 80% identical with that of ProSAP1 (Fig. 1C) . Genomic sequences of the human homolog of ProSAP2 were found in public databases (Cosmid Clones; accession nos. AC000050 and AC000036; mapped at chromosome 22). There is a very high degree of sequence identity (96%) between rat and human Pro-SAP2 PDZ domains. Like ProSAP1, ProSAP2 is a proline-rich protein. However, regions of high similarity between the two proteins are restricted to the ppI motif and the SAM domain (Winter C, Kreutz MR, Smalla K H, Bockmann J, Garner CC, Gundelfinger ED, and Boeckers TM, unpublished data). Another PDZ domain highly related to that of ProSAP1 and ProSAP2 is found in synamon, a synaptic protein recently included in public databases (Fig. 1 B,C) .
Sequencing of several different ProSAP1 cDNA clones suggested the expression of alternatively spliced transcripts affecting the N-terminal part of the protein. Sequence insertions/deletions were found at nucleotide 1050 (insert A; 21 bp) and nucleotide 1287 (insert B; 27 bp). Several independent clones showed the presence of either one of these insertions or of both inserts. In none of the sequenced clones the absence of both exons could be observed. The originally described CortBP1 is missing insert A but contains insert B (Du et al., 1998) . ProSAP1 has several putative phosphorylation sites for cAMP and cGMP-dependent protein kinases (1), casein kinase II (20), tyrosine kinase (1), and protein kinase C (20). Interestingly, both insertions add several positive charges to the protein (Fig. 1 B) and carry putative protein kinase C phosphorylation sites (insertion A: aa 175-178 SVR; insertion B: aa 254 -257 TMR).
Characterization and expression pattern of ProSAP1
Recombinant GST-fusion proteins including either part of the central region or the C-terminal region of ProSAP1 were used to raise polyclonal antisera against ProSAP1 in rabbits and guinea pigs. In accordance with the staining results obtained by Du et al. (1998) , all antisera specifically detect a cluster of protein bands at Figure 2 . Tissue distribution and subcellular co-partitioning of ProSAP1 in rat brain A antisera generated against Pro-SAP1 (1, polyclonal rabbit antiserum, C-Term aa 826 -1259; 2, polyclonal guinea pig antibody, C-Term aa 826 -1259; 3, polyclonal rabbit antiserum, central part, aa 355-509) detect a major protein band at 180 kDa and two weaker bands at ϳ200 and 220 kDa in rat brain protein preparations. B, ProSAP1 immunoreactivity is only detectable on immunoblots of rat brain protein preparations and not found in testis (T ), liver ( L), kidney (K ), spleen (Sp), thymus (Th), or heart muscle ( H ). Protein extracts were obtained from 8-week-old rats. Western blots were loaded with 50 g per slot of detergent-insoluble cytoskeletal protein. C, ProSAP1 is highly enriched in synaptic junctional protein preparation. Synaptic proteins were prepared according to Carlin et al. (1980 Kennedy (1997) ], postsynaptic density fraction obtained from the detergent extracted fraction in a second gradient (lane 7 ), and the twice Triton X-100-extracted PSD fraction (lane 8) [Two Triton, Kennedy (1997)] were probed with the rabbit anti-ProSAP1 antibody using a chemiluminescent detection system. Lane 9 shows the twice Triton X-100-extracted PSD fraction (lane 8) with a shorter exposition time; lane 10 displays a Western blot of the twice Triton X-100-extracted PSD fraction with less protein loaded (3 g). Note that the distribution of other synaptic proteins, including the presynaptic cytomatrix proteins Bassoon and Piccolo, the PSD proteins SAP102, and the synaptic vesicle protein synaptophysin in the presented subcellular fractionation experiment, has been assessed previously (tom Dieck et al., 1998). a molecular weight in the range of 180 -220 kDa on immunoblots of brain protein preparations (Fig. 2 A) , but not of other tissue homogenates, including testes, liver, kidney, spleen, thymus, and heart (Fig. 2 B) . Thus ProSAP1 migrates in SDS-PAGE slower than expected from the calculated molecular weight, a behavior that is frequently observed for cytoskeletal proteins. None of the bands were recognized in total brain homogenates by either of the preimmune sera or after preabsorption with the antigen (data not shown). Because ProSAP1 has been cloned using antisera directed against the PSD fraction, the subcellular distribution of the protein was investigated. ProSAP1 immunoreactivity is present in the crude membrane fraction (P2) of rat brain (Fig. 2C, lane 2) but not in the soluble protein fraction (Fig. 2C, lane 1) . During the further steps of subcellular fractionation by differential centrifugation, ProSAP1 immunoreactivity essentially cofractionates with PSDs (Fig. 2C) . To investigate the association of ProSAP1 with the cytoskeleton, attempts were made to solubilize the protein from the crude membrane fractions (tom Dieck et al., 1998). A partial extraction of immunopositive bands was achieved with high salt (1 M NaCl, 1 M Tris-HCl) or 0.1% SDS. Virtually complete solubilization was observed when using strongly denaturing conditions (1% SDS or 8 M urea). Treatment with 0.5 M NaCl, the detergents CHAPS (2.5%), or Triton X-100 (1%) or with the chaotropic agent potassium rhodanite (3 M) did not result in a substantial release of ProSAP1 from the pellet. All ProSAP1 isoforms represented by the different immunoreactive bands displayed a similar extraction behavior. These solubilization characteristics of the protein indicate a close cytoskeletal association of ProSAP1.
To examine the spatial distribution of the ProSAP1 transcripts we performed in situ hybridization studies to horizontal brain sections (Fig. 3A ). An antisense oligonucleotide directed against the C-terminal part of the mRNA and thus recognizing all known variants of ProSAP1 transcripts can be localized to many parts of the brain with high levels of expression in the olfactory bulb, cerebral cortex, cerebellum, central gray, and hippocampus. The In situ hybridization to a horizontal section from brain with the 35 S-labeled ProSAP1 antisense oligonucleotide shows the overall expression of the transcript in the adult brain. Intense labeling is observed in cerebral cortex, cerebellum, hippocampus, and olfactory bulb, whereas putamen, thalamic nuclei, and brainstem show a moderate staining. Magnification: 2.5ϫ. B, C, Overview of spatial distribution of ProSAP1 protein in rat brain by immunohistochemistry with ProSAP1 antisera. Sagittal ( B) and frontal ( C) sections are shown. Strong ProSAP1 immunoreactivity is detected in cerebral cortex, hippocampus, and the molecular layer of the cerebellum. Furthermore, the thalamic nuclei, the putamen, and to a much lesser extent the hypothalamus are labeled. Further enlargement of the hippocampal CA2/CA3 region ( D) illustrates that cell nuclei and cell bodies are free of staining, whereas in the neuropil a punctate staining (arrows) can be observed. Magnifications: B, C, 2.5ϫ; D, 450ϫ. Electron micrographs (E, F ) were taken from hippocampal CA3 sections. Silver enhancement of the DAB reaction product results in the punctate appearance of the immunoreactivity. Note that labeling is relatively weak in dendrites ( d), enhanced toward dendritic spines (sp), and very strong at PSDs (arrowheads, arrows). Axon terminals (at) are essentially unlabeled. Magnification: F, 45,000ϫ; G, 85,000ϫ. (C, C Y4, red) . Note that the antigens are largely co-distributed at hippocampal synapses. At higher magnifications of mossy fiber terminals in the stratum lucidum of the (Figure legend continues) caudate putamen and thalamic nuclei as well as the brain stem are moderately labeled. In control experiments, the use of a sense oligonucleotide, competition with 100-fold excess of unlabeled oligonucleotide, as well as washing steps above the calculated melting temperature of the hybrid yielded no labeling above background (data not shown). This broad expression pattern is reflected by the light-microscopic localization of ProSAP1 immunoreactivity in rat brain (Fig. 3B,C) showing an intense labeling of cerebral cortex, molecular layer of the cerebellum, hippocampal formation, thalamic nuclei, and basal ganglia. At higher magnification of the hippocampus, a representative light micrograph (Fig. 3D) shows a punctate staining pattern of hippocampal neuropil in the stratum oriens and stratum radiatum (CA2/CA3 region). Ultrastructural investigation of the hippocampal CA3 region identifies the close association of the antigen with the PSD (Fig. 3E,F ) . Although axon terminals do not show any labeling above background, the antigen can be found in dendrites with a highly significant increase of staining toward spines and PSDs. Double-and triple-immunofluorescent stainings of hippocampal sections for ProSAP1 and various marker proteins for different neuronal compartments f urther document the primarily synaptic localization of ProSAP1. Figure 4 A,B illustrates the punctate distribution and close apposition of ProSAP1-immunoreactive structures and the presynaptic cytomatrix protein Bassoon (tom Dieck et al., 1998) at many synapses of the CA1 region. The virtually complementary localization of ProSAP1 and the synaptic vesicle protein synaptophysin or Bassoon at mossy fiber boutons of the CA3 region can be seen in Figure 4C ,D. Triple staining with the dendritic marker protein M AP2, the presynaptic markers Bassoon or synapsin, and ProSAP1 illustrates the dense clustering of ProSAP1 on dendrites of hippocampal neurons. Large clusters are seen at the mossy fiber terminals in the stratum lucidum, whereas smaller PSDs decorate dendrites in the stratum radiatum (Fig. 4 E,F ) .
Expression of ProSAP1 during early postnatal period
To assess whether ProSAP1 may be involved in synaptic assembly during development or whether its f unction is restricted to preformed synapses, we investigated the expression of ProSAP1 during the period of synaptogenesis. To this end we performed in situ hybridization, immunocytochemistry studies, and Western blot analyses. Hybridization to brain sections of days P5, P9, and P18 indicate an increase of ProSAP1 transcripts during early postnatal brain development, especially in the caudate putamen and thalamic nuclei (Fig. 5A ). ProSAP1 expression in the cerebral cortex, the hippocampus, and the cerebellum is moderate to high already at P5 and shows a stable expression throughout development. Immunohistochemical staining of cortical neurons during the early postnatal period (P5, P8, P10) demonstrates a striking change in the localization of the antigen from being localized mainly in the cytoplasm of cell bodies and neurites to a close association of the protein with postsynaptic structures (Figs. 5, 6 ). On P5, ProSAP1 immunoreactivity is seen in the cytoplasms of densely packed cortical neurons (Figs. 5B,a) . At the ultrastructural level the antigen appears localized in small processes and lamellopodia (Fig. 6 A,B) . Interestingly, already at that stage of development the antibody detects ProSAP1 only in a subset of neurites that are in close contact with unlabeled neuritic structures. On P8 the antigen can be localized in the cytoplasm of cell bodies and in larger outgrowing neurites (Fig. 5B,b) . Ultrastructural investigations revealed that ProSAP1 is already localized in the now apparent PSD of early synapses (Fig. 6C-E) . On P10 a punctate staining can be recognized at the light microscopic level (Fig. 5B,c) that reflects the specific labeling of PSDs of cortical synapses (Fig. 6 F,G) . At this stage of development the staining pattern does not differ from that in adult animals.
These localization data are consistent with the assumption that ProSAP1 is one of the first protein components assembling into developing PSDs. If so, one prediction would be that ProSAP1 becomes anchored to the subsynaptic cytoskeleton earlier than other known components of the PSD protein fraction, e.g., SAP90/PSD-95 or NMDA receptors. To test this hypothesis, we analyzed on immunoblots the appearance during development of ProSAP1, SAP90/PSD-95, and the NR1 subunit of NMDA receptors in cytoskeletal protein fractions that should be enriched for PSD components. As shown in Figure 7 , the association of ProSAP1 with the PSD-enriched fraction is strongly enhanced between P7 and P10, consistent with the period of its appearance at postsynaptic sites of cortical synapses (Fig. 6 ). In contrast, enhanced appearance of NR1 and SAP90/PSD-95 immunoreactivity in PSD-enriched protein fractions is observed only later during development, i.e., from P10 and P14 onward, respectively.
Expression of ProSAP1 isoforms during postnatal development
To examine whether the expression of ProSAP1 isoforms encoded by the identified processing variants of ProSAP1 transcripts are subject to temporal or spatial regulation, we performed in situ hybridizations at different developmental stages with four different oligonucleotides. The probes were designed to detect the presence or absence of inserts A and B (Fig. 1, compare A, B) . Insert A-containing transcripts are predominantly expressed during early stages of brain development (Fig. 8a-d, Aϩ) . On days P1 and P10 it is found in cortical brain areas as well as in the cerebellum, hippocampus, and thalamic nuclei. After 3 weeks and in the adult brain the hybridization signal intensity is reduced, and the mRNA is found almost exclusively in the cerebellum. Transcripts without insert A (Fig. 8e-h, AϪ) display stable expression at all postnatal stages in all brain regions expressing ProSAP1 (compare Figs. 3A, 5A) .
On the contrary, insert B is expressed throughout the rat brain from day 1 onward with a pattern similar to the AϪ hybridization signals (Fig. 8i-l, Bϩ) . ProSAP1 transcripts without insert (Fig.  8m-p, BϪ) show only a very weak expression, mainly in cortex and cerebellum on days P1 through P10. At 3 weeks there is a somewhat stronger hybridization signal in the cerebellum. In the adult brain no BϪtranscript levels above background could be detected.
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CA3 region (C, D) , the close apposition of ProSAP1 with both presynaptic marker proteins can be seen. The staining with the Bassoon antibody especially illustrates the close spatial relationship of the two proteins because Bassoon is mainly restricted to the active zone of the presynapse (tom Dieck et al., 1998; Richter et al., 1999) . Confocal images of triple immunofluorescence ProSAP1 ( green), Bassoon (red), and M AP2 (blue) (E) as well as ProSAP1 ( green), synapsin (red), and M AP2 (blue) (F) show the localization of synaptic structures on dendrites of hippocampal CA3 neurons. Please note that labeled shaft and spine synapses are discernible that decorate the M AP2-positive dendritic trees. Scale bars: A-C, E, F, 10 m; D (all insets), 1 m.
DISCUSSION
ProSAP1 originally has been isolated as a protein contained in synaptic junctional protein preparations from rat brain (Kistner et al., 1993; Langnaese et al., 1996 , Boeckers et al., 1998 . Biochemical analysis and ultrastructural localization studies revealed that ProSAP1 is indeed a component of the PSD of excitatory brain synapses. Analysis of the primary structure of ProSAP1 identified several sequence motifs typical for proteins of the membrane-associated cytoskeleton. While this study was in progress, CortBP1, which is identical with ProSAP1, has been identified as an interaction partner of the actin-binding protein cortactin (Du et al., 1998) . This indicates that ProSAP1/CortBP1 may be one of the elements that links the postsynaptic signaling apparatus to the actin-based cytoskeleton within the PSD.
PDZ domains of ProSAP1 and ProSAP2 define a new subfamily of PDZ domains
ProSAP1 has various structural motifs that are known to be involved in protein -protein interactions. As shown by Du et al. (1998) , ProSAP1/CortBP1 is able to interact with the cortactin SH3 domain via a ppI motif in the central part of the protein.
Additional proline-rich domains identified in ProSAP1 may be involved in similar interactions with other proteins. A hallmark of the N-terminal part of ProSAP1 is a new type of PDZ domain. PDZ domains are protein interaction modules that mediate the binding of distinct cell surface and intracellular proteins to the cortical cytoskeleton (Kornau et al., 1997) . PDZ domains related to that of ProSAP1 include those of ProSAP2, a protein that is also primarily expressed in the brain (Winter, Kreutz, Smalla, Bockmann, Garner, Gundelfinger, and Boeckers, unpublished data) , and of the synaptic SAPAP-interacting protein synamon (accession no. AF102855). PDZ domains of ProSAP1, ProSAP2, and synamon share Ͼ80% sequence identity, whereas PDZ domains of previously known proteins, such as SAP90/PSD-95, SAP97, Chapsyn-110/PSD-93, and SAP102, are only ϳ30% identical with this new subfamily of PDZ domains (Fig. 1C) .
The sequence similarity between ProSAP1 and ProSAP2 is striking in the PDZ and SAM domains; the degree of sequence similarity in other regions of the two proteins is relatively low. The ppI motif is conserved between the two proteins, suggesting that ProSAP2 is also a SH3 domain-binding protein. A database search for ProSAP1-related proteins revealed several brain cDNAs and genomic DNA fragments encoding human ProSAP1 (accession nos. M86079, H41098, and HSU73633/chromosome 11) and human ProSAP2 (accession nos. AC000050, AC000036/ chromosome 22). Synamon is a 2091 aa synaptic protein with four amino-terminal ankyrin repeats, a central SH3 domain next to a PDZ domain (GenBank accession no. AF102855). The similarity between ProSAP1 and synamon is not restricted to the PDZ domain, but clusters of high sequence identity are distributed throughout the C-terminal part of synamon and the entire length of ProSAP1. However, no SAM domain is found in synamon (Fig. 1 B) .
ProSAP1 is highly enriched in PSDs in the adult rat brain
The actin-based cytoskeleton is thought to play a crucial role in the regulation of dendritic spine morphology and the assembly of Figure 5 . A, Distribution of the ProSAP1 transcripts and protein in the developing rat brain. In situ hybridizations of horizontal brain sections from 5 ( a)-, 9 (b)-, and 18-d-old ( c) rats. X-ray film images of in situ hybridizations with the ProSAP1 antisense oligonucleotide show the dense expression of the transcript in cortex, cerebellum, and hippocampus at these developmental stages. The transcript is especially upregulated during development in the thalamic nuclei and the caudate putamen. Magnification: 3.5ϫ. B, Immunohistochemical staining of cortical neurons at P5 ( a), P8 ( b), and P10 ( c) . Note the strong labeling of cytoplasm and small outgrowing neurites at P5 ( a), whereas the neuropil appears largely unstained. On P8 the cytoplasmic staining is reduced, and larger neurites (arrows) are clearly labeled ( b). Two days later (P10) the staining pattern changes to a punctate labeling (arrows) in the neuropil of the developing cortex ( c). Magnification: 500ϫ. postsynaptic structures, including the PSD. Thus, dendritic spines and in particular the PSD are extremely rich in distinct isoforms of actin (Matus et al., 1982; Cohen et al., 1985; Fifkova and Morales, 1992; Kaech et al., 1997) . Spine mobility and expression of synaptic plasticity appear to be intimately associated with the modulation of the actin cytoskeleton (Fifkova and Morales, 1992; Fischer et al., 1998) . Various elements of the actin cytoskeleton, including brain spectrin /fodrin (C arlin et al., 1983), dystrophin (Kim et al., 1992) , ␣-adducin (Seidel et al., 1995) , drebrin (Hayashi et al., 1996) , and ␣-actinin-2 (Wyszynski et al., 1997) have been shown to be components of the PSD. The functional significance of the cortical cytoskeleton is underscored by the fact that postsynaptic NMDA receptor activity depends critically on the integrity of actin filaments (Rosenmund and Westbrook, 1993) . Moreover, NMDA receptor linkage to the postsynaptic actin cytoskeleton appears to be mediated by ␣-actinin-2 and is regu- Figure 6 . Ultrastructural localization of ProSAP1 in the developing rat cortex. Electronmicroscopy of immunostained cortical sections at P5 (A, B) shows the primarily cytoplasmic localization of ProSAP1 in a subset of outgrowing neurites. Note the clearcut differentiation between ProSAP1-positive and -negative neurites. In A, a ProSAP1-positive neurite with putatively pathfinding lamellopodia is displayed. B shows the close contact between a ProSAP1-positive and -negative neurite. At P8, strong labeling can be found in the cytoplasm of growing neurites ( C); synaptic contacts show strong ProSAP1 immunoreactivity in the now appearing PSDs (D, E). At P10 (F, G), differentiation of brain tissue has advanced, and ProSAP1 immunoreactivity is primarily found in spines and in particular at PSDs. Magnification: A, B, 46, 000ϫ; C, D, 70, 000ϫ; E, 90, 000ϫ. at, Axon terminal. lated by a C a 2ϩ /calmodulin-dependent mechanism (Wyszinski et al., 1997) .
ProSAP1 is likely to be a component of the actin-based cytomatrix of the PSD. First, ProSAP1/CortBP1 is linked to the actin cytoskeleton via cortactin (Du et al., 1998) . Second, it is specifically expressed in brain tissue, and solubilization experiments as well as Western blot analysis after subcellular fractionation of brain tissue revealed that ProSAP1 is a cytoskeletal protein that is highly enriched in the PSD fraction. Moreover, in situ hybridization and immunohistochemical studies at the light and electron microscopic level revealed that ProSAP1 is widely expressed in neurons and mainly located in the submembraneous matrix of the PSD. It occurs primarily at asymmetric type 1 synapses, which are thought to be excitatory (Peters et al., 1991; Z iff, 1997) . These data indicate that ProSAP1 is part of the highly specialized cytoskeleton at the PSD, which anchors neurotransmitter receptors, cell adhesion molecules, and intracellular signal transduction pathways to the postsynaptic site (Z iff, 1997; Craven and Bredt, 1998; O'Brien et al., 1998) . Cortactin that links ProSAP1/ CortBP1 to the actin cytoskeleton is substrate for the nonreceptor protein tyrosine kinase Src (Wu and Parsons, 1993) . It is an F-actin binding protein that is thought to mediate aspects of cell signaling associated with the cortical cytoskeleton (Du et al., 1998) . Thus both proteins may contribute to the enormous dynamic potential of the postsynaptic cytoskeleton supposed to provide the basic mechanisms for synaptic plasticity (Buchs and Muller, 1996) .
ProSAP1 isoforms may be functionally involved in the assembly of the postsynaptic cytomatrix during development
It is still unknown which mechanisms govern the formation of the PSD beneath the postsynaptic membrane. On theoretical grounds the initial formation requires the docking of several proteins, including neurotransmitter receptors, protein kinases and phosphatases, adaptor proteins, and filamentous cytoskeletal proteins, to fulfill the morphological and functional criteria of building the PSD. At least two processes have to occur in parallel: (1) clustering of receptor molecules in apposition to the active zone of the presynaptic membrane providing the structural basis for an excitable membrane and (2) anchoring of proteins involved in intracellular signal transduction to this membrane. Currently we do not know anything about the initiation of these two processes.
ProSAP1/CortBP1 and cortactin are highly enriched in growth cones of hippocampal primary neurons before synaptogenesis (Du et al., 1998) . This is consistent with our finding in situ that ProSAP1 immunoreactivity is found in lamellopodia of cortical neurons before synaptogenesis. A striking change in ultrastructural localization of ProSAP1 immunoreactivity occurs when synaptic contacts are formed. Then ProSAP1 is concentrated at sites where PSDs are thought to form. This early appearance at the differentiating postsynaptic membrane suggests that ProSAP1 could be involved in initial steps of PSD assembly. Interestingly, the association of ProSAP1 with the PSD appears to precede the anchoring of SAP90/PSD-95 and the NR1 subunit of the NMDA receptor. An important question to be answered in this context is Nearly identical results were obtained with an antisense oligonucleotide designed to recognize insert B (i-l, Bϩ). In contrast, ProSAP1 mRNA without insert B shows a very weak expression on P1 and P10; it is largely restricted to the cerebellum after 3 weeks and cannot be detected in the adult rat brain. Therefore in most brain regions the AϪ/Bϩ transcript seems to be regularly expressed, whereas during development, especially in the cerebellum, transcripts with insert A but without insert B can also be detected.
whether ProSAP1 is actively involved in the formation of a postsynaptic cytoskeletal specialization at the synaptic junction or whether the protein is incorporated in the PSD after the structure has been formed. Of interest is the observation that during development the expression of splice variants containing insertion A as well as those lacking insertion B is restricted to the early postnatal period. These transcripts are predominantly expressed in the cerebellum of animals up to the age of ϳ3 weeks. Interestingly, these inserts change the charge to the molecule and introduce additional potential phosphorylation sites for protein kinase C, an enzyme that is known to be involved in the regulation of synaptic assembly and plasticity (Shearman et al., 1991; Ben-Ari et al., 1992; Wang and Feng, 1992; Abeliovich et al., 1993; K lann et al., 1993; Moriya and Tanaka, 1994; Reymann and Staak, 1994; Pasinelli et al., 1995) . Further studies must clarify whether these developmentally regulated processing variants are involved in early synaptogenesis and /or growth cone regulation.
